Abstract -Brazil stands out as the world's largest producer of yellow passion fruit, a species of economic interest which, due to its self-incompatibility, depends on pollinators for fruit formation. The main pollinators of passion fruit are large solitary bees of the genus Xylocopa , commonly known as carpenter bees, which are potential candidates for management. Passion fruit crops exhibit a low density of pollinators and, consequently, a reduction in production. To improve management techniques of X. frontalis and X. grisescens , the general aim of this study was to evaluate the effect of pollinator enhancement on pollination services in passion fruit crop areas. Our results demonstrated that pollinator enhancement was an efficient way to minimize pollination deficit in passion fruit crops, as it promoted the production of a bigger and sweeter fruits. Data obtained in our study are essential to consolidate management techniques for carpenter bees in passion fruit crops.
INTRODUCTION
Human food production relies on a variety of inputs including soil quality, water availability, and pest management (Pretty 2008) . Among these, pollination by bees stands out as a major natural input accounting for the production of 75 % of the world's agricultural crops, including important species that are sources of micronutrients Ellis et al. 2015) .
The economic valuation of ecosystem services provided by pollinators exceeds €150 billion annually (Gallai et al. 2009 ). Furthermore, other factors associated with agricultural production, such as fruit quality and oil quantity in seeds, which add greater value to the product, thereby increasing its market price, are also associated with pollinators' richness and abundance (Hanley et al. 2015) . Even for self-compatible crops, such as sunflower (Helianthus annuus ) and coffee (Coffea arabica ), natural pollination is related to an increase in production yields (Ricketts 2004; Greenleaf and Kremen 2006) .
The pollinator decline has cooperated to the reduction of both A. mellifera and native wild pollinator populations, which contributes to a yield gap in agricultural production, i.e., a difference between the actual and the potential output (Bommarco et al. 2013 ). This decrease originates from exogenous recurrent factors, such as land use intensification, indiscriminate use of pesticides, climate changes, and incidence of viruses and parasites (Wilcock and Neiland 2002; Potts et al. 2010; Dupont et al. 2011) . In this scenario, the increment of ecosystem services, such as the increment of natural pollination through the management of pollinators, is a sustainable alternative to minimize this decline and contribute to the maintenance and increase of agricultural production (Bommarco et al. 2013; Steward et al. 2014) .
Ecological intensification through the management of pollinators in crop areas has been widely used, especially with A. mellifera , which stands out as the most worldwide managed pollinator due to its easy mobility, highly populated colonies, and for presenting generalist food preferences (Westerkamp 1991; Klein et al. 2007 ). However, the dependence on a single pollinator for pollination of agricultural crops endangers food production stability, due to the higher vulnerability of crops faced with pollinator decline. Furthermore, A. mellifera may not be an efficient pollinator of some crops, due to its foraging behavior or flower morphology incompatibility (Bispo dos Santos et al. 2009; Junqueira et al. 2013) .
Wild bees play a crucial role in crop pollination due to their greater pollination efficiency compared to honey bees in some crops. They are also a viable alternative to the dependence on a single pollinator (Garibaldi et al. 2013) . Experiments with apple crops evidenced that Bombus spp. exhibits a greater pollen deposition onto the stigma than A. mellifera (Thomson and Goodell 2001) . In blueberry crops, Bombus spp. and Andrena spp. presented a greater visitation rate and fruit production than A. mellifera (Javorek et al. 2002) . Thus, the development of management procedures that enhance wild pollinators is essential to increase agricultural production, reducing food insecurity and contributing to the conservation of these pollinators.
The management of solitary species is widely developed for cavity-nesting bees Kemp 2001, 2002; Magalhães and Freitas 2012) and some ground-nesting bees like the Bluebanded bee, Amegilla (Zonamegilla ) holmesi , managed for tomato (Lycopersicon esculentum Miller) pollination through the introduction of nesting bricks filled with mud (Hogendoorn et al. 2000; Bell et al. 2006) .
Brazil is the world's largest producer of yellow passion fruit (Passiflora edulis f. flavicarpa Deneger). This fruit species is of high economic interest with a production above 800,000 t per year (Agrianual Anuário Estatístico da Agricultura Brasileira 2014). Due to its self-incompatibility, this crop depends on pollinators for fruit formation (Corbet and Willmer 1980) .
The main pollinators of passion fruit are large solitary bees of the genus Xylocopa , which nesting habits includes preexisting cavities and, therefore, are potential candidates for management (Pereira and Garófalo 2010; Junqueira et al. 2012 ). Other floral visitors include A. mellifera and stingless bees, which are small to middle sized bees (Michener 2007) and are considered pollen thieves, as they do not contact the flower reproductive structures during pollen and/or nectar collection (Sazima and Sazima 1989) .
Xylocopa (Neoxylocopa ) frontalis (Olivier) and Xylocopa (Neoxylocopa ) grisescens Lepeletier are effective pollinators of passion fruit and are easily managed in trap-nests made of bamboo canes (Junqueira et al. 2012 (Junqueira et al. , 2013 . The use of such substrate combined with the introduction of nests in crop areas of passion fruit proved to be an effective strategy to establish populations, increase pollinators' density, and reduce the density of thieves (Junqueira et al. 2013) .
Passion fruit crops exhibit a low density of pollinators because of the reduction of natural vegetation surrounding these crops, which implies a reduction of food and nesting resources (Camillo 2003; Yamamoto et al. 2012) . The pollinator deficit in these crops has been minimized with the use of manual pollination. However, this practice is expensive and raises production costs up to 12 % (Agrianual Anuário Estatístico da Agricultura Brasileira 2014).
To improve management techniques of X. frontalis and X. grisescens , the overall aim of this study was to evaluate the effect of pollinator enhancement on pollination services in passion fruit crop areas. To address this issue, we set up the amount of pollinator nests per hectare according to the pollination deficit and assessed the effect of pollinator enhancement on passion fruit production and quality.
MATERIAL AND METHODS

Study areas
The study took place throughout the passion fruit flowering season (November 2014 to June 2015) and was accomplished in six crop areas with sizes ranging from 1 to 3 ha, located in Araguari and Uberlândia, Triângulo Mineiro region, state of Minas Gerais, southeastern Brazil (Table I ). All crop areas used the same variety of yellow passion fruit and similar technical agronomic assistance. The climate is tropical and characterized by two distinct seasons, a dry season (April-September) and a rainy season (OctoberMarch) (Rosa et al. 1991) .
Procedures
Pollinator enhancement experiment
In each crop area, we constructed a bee shelter with a yellow plastic cover of 1.8 m high and 1 m long. Each bee shelter contained 48 trap-nests made of bamboo canes, closed at one end by the node and with an inner diameter ranging from 1.8 and 2.2 cm and length of approximately 25 cm. The pollinator enhancement experiment included both the supply of nest substrate and the introduction of X. frontalis and X. grisescens nests.
The areas were classified according to natural pollination percentage to enable us to determine how many pollinator nests should be introduced into crop areas. The classification was based on passion fruit production data in different locations in Brazil (Sazima and Sazima, 1989; Kavati 1998; Camillo 2003; Oliveira-Filho and Freitas 2003; Bos et al. 2007 ) and in the Triângulo Mineiro region (Yamamoto et al. 2012 ). According to these study results, the average natural pollination percentage of passion fruit is 13.7 ± 8.9 % (Brazil = 15.7 ± 10.3 %; Triângulo Mineiro = 11.1 ± 6.4 %). Therefore, areas with natural pollination percentages over 13 % were classified as areas with a low pollination deficit (LPD) and areas below 13 % were classified as areas with a high pollination deficit (HPD).
We introduced four nests/ha, in three of the six selected study areas classified as LPD. In the remaining three, classified as HPD areas, we introduced eight nests/ha (Table I) . We transferred the nests of X. frontalis and X. grisescen s from the breeding areas located in Uberlândia and Araguari, MG, with an average distance of 50 km from the passion fruit crops. Each nest contained only one female and presented no brood cells. We estimated that nests with no brood cells would exhibit a percentage of female permanence of approximately 50 % (Junqueira et al. 2012 ) and with the number of nests introduced, we expected to get at least a fraction of pollination increase.
Pollinator and thieves' densities
We evaluated the density of pollinators and thieves in the passion fruit crop areas using the visitation rate, which was measured by the number of visits per flower per time unit through the transect census method (Dafni et al. 2005; Winfree et al. 2008) . Visitation rates were evaluated for three consecutive days before and after the pollinator enhancement with the introduction of nests in each crop area. We established two transects of 50 m in length and 2.5 m in width along the crop lines in each study area. Each transect was walked for 10 min, at hourly intervals, between 1300 and 1600 hours with a sampling effort of 8 h per study area. We conducted all censuses on sunny and warm days, which displayed both the highest number of open flowers and the activity of bee species.
Passion fruit production and quality
The percentage of passion fruit formation was assessed by natural pollination experiments in each study area by marking 50 flowers per day during three consecutive days before and after the pollinator enhancement. These natural pollination experiments were made during the peak flowering and within a short time span (7 to 10 days) to avoid seasonal effects in fruit production. The flowers selected presented stylus with total curvature, which indicates the effective pollination period (Bruckner and Silva 2001) and were distributed in different plants along the crop lines.
The fruit quality was evaluated by measuring the following physical and chemical attributes: fruit weight (g), flesh weight (g), and number of seeds. The chemical attributes were evaluated through the relationship between soluble solids and the total titratable acidity. Soluble solids (SS) indicated the sugar content of fruit juice and were measured using juice from the pulp sample of each fruit by using a manual refractometer with results expressed in Brix°. Total titratable acidity (TTA) indicated the acid concentration in fruit juice and was determined by titrating diluted passion fruit flesh with a sodium hydroxide solution (0.1 mol L −1 ) in a Mettler Toledo® automatic titrator. We used 1 g of flesh pulp dissolved in 50 mL of distilled water and performed the titration in triplicate. Total acidity was expressed as percent of citric acid.
Data analysis
We conducted the data analysis using the statistical package Systat 10.2 © (2002), according to Zar (2000) and considered each observation day in the study areas as a sample unit. We used the Kolmogorov-Smirnov test (Lilliefors) (P > 0.05) to verify the normality of the data. For data that could not be normalized, we used nonparametric tests. Average values presented are followed by the standard deviation values. We used paired t test to evaluate the effect of pollinator enhancement on pollinator and thieves' densities and to evaluate fruit production and quality before and after pollinator enhancement. We used the Spearman correlation to test the association of the percentage of natural fruit set with the density of pollinators and thieves. We used the paired t test and Wilcoxon test to compare fruit quality parameters.
RESULTS
Effect of pollinator enhancement on the pollinator and thieves' densities
Considering the six study areas, we observed that pollinator enhancement promoted a significant increase in pollinator density of both LPD and HPD areas (LPD areas: t = 3.12; df = 16; P = 0.007; HPD areas: t = −8.09; df = 16; P = 0.005) whereas the thieves' density presented a significant decrease (LPD areas: t = 3.69; df = 16; P = 0.002; HPD areas: t = 3.67; df = 16; P = 0.002) (Figure 1 ).
Effect of pollinator enhancement on fruit production and quality
Due to a plant bacterial disease in one of the study areas during data collection, we evaluated crop production and quality only in five study areas. Considering the classification of the study areas according to pollination deficits, the difference on percentage of natural fruit set after and before pollinator enhancement of LPD areas ranged from 11.83 to 33.33 % and in HPD areas ranged from 21.74 to 42.68 % (Figure 2) . The average fruit production increment in the LPD areas was 108.93 % while in HPD areas was 961.13 % (t = 2.979; df = 13; P = 0.011) (Table II) .
We also observed a positive correlation between the percentage of natural fruit set and pollinator density (r s = 0.74; df = 30; P = 0.001).
Diversely, the percentage of natural fruit set and the density of thieves bees presented a negative correlation (r s = −0.36; df = 30; P = 0.002), which confirm the effect of pollinator enhancement on fruit set percentage. Pollinator enhancement was an effective method to improve physical and chemical characteristics of fruits in both LPD and HPD areas. Comparing fruits from natural pollination treatment before and after pollinator enhancement, in LPD areas, there was an increase of 46 % in weight (fruit weight: z = −8.27; P = 0.03/flesh weight: z = 1.93; P = 0.0142), 44 % in seed number (z = 1.93; P = 0.04) and 31 % in sweetness (t = −2.93; df = 18; P = 0.009). To the HPD areas, we observed an increase of 45 % in weight (fruit weight: t = −4.02; df = 28; P = 0.001/flesh weight: t = −3.64; df = 28; P = 0.001), 49 % in seed number (t = −4.24; df = 28; P = 0.001) and 32 % in sweetness (z = 3.96; P = 0.001) (Table III) .
DISCUSSION
Our results demonstrated that pollinator enhancement was an efficient management technique to minimize pollination deficit in passion fruit crops since it promoted an increase in pollinator density, a decrease in thieves' density, and a significant rise in the number and quality of fruits.
The passion fruit is an interesting model to test solitary bee management procedures, as it is a crop that necessarily depends on pollination for adequate fruit formation (Corbet and Willmer 1980) and presents solitary bees with management potential as effective pollinators (Junqueira et al. 2013 ). Table III . Physical and chemical characteristics of fruits from natural pollination treatment before pollinator enhancement (NP-BPE) and after pollinator enhancement (NP-APE) in areas with low pollination deficit (LPD) and with high pollination deficit (HPD). Pollinator enhancement reduced the pollination deficit in passion fruit crops in all study areas. First, we verified that the increase in pollinator density was followed by a reduction in the visitation rate of thieves, corroborating previous studies (Junqueira et al. 2013) . Passion fruit thieves include A. mellifera and stingless bee species, which may contribute to the reduction of the amount of nectar and/or pollen available and the visitation rate of pollinators, due to its recruitment behavior performed to food resource collection (Sazima and Sazima 1989; Maloof and Inouye 2000) . The increase in the visitation rate of large pollinators with a high energy demand implies competition for nectar since there is a decrease in both quantity and quality of this resource, which negatively affect the density of thieves on passion fruit crop areas (Keasar 2000) .
Pollinator enhancement in crop areas promoted an increment of both production and quality of passion fruits. A higher visitation rate of pollinators probably led to a higher pollen deposition, translated into higher crop production with improved quality. This effect confirms that there was a limitation of agricultural output in the studied crops due to a crop pollination deficit (Vaissière et al. 2011) .
Pollination services present an overall impact on multiple aspects of production and quality of several crops, including the passion fruit. For strawberry (Fragaria x ananassa Duch), there is a positive effect of bee pollination on fruit weight and shelf life (Klatt et al. 2014) . Other studies have also demonstrated that chemical parameters, like the oil content in oilseed rape (Brassica napus ) and sugar concentration in oranges (Citrus reticulata Blanco) were enhanced through pollination (Wallace and Lee 1999; Bommarco et al. 2013) . As regards the passion fruit chemical attributes, our results support the finding of Silveira et al. (2012) substantiating that the pollination service can affect the SS/TTA relationship, which is generally used as a measurement for evaluating fruit flavor (Nascimento et al. 1999) .
As a general result, the increase in pollinator density promoted the production of bigger and sweeter fruits, leading to a direct impact on the valuation of pollination services (Hanley et al. 2015) . The pollinator enhancement resulted in an average increment in production of 27.4 %. Considering the average yield (16 t/ha) and the value of passion fruit per kilogram (US$1.14) in the state of Minas Gerais, Brazil (Agrianual Anuário Estatístico da Agricultura Brasileira 2014), the economic value promoted by the enhanced pollinator services in these study areas was estimated at US$5000 per hectare.
To refine pollinator management, we also defined how many bees are required to minimize the pollination deficit. To calculate the number of nests to be introduced in passion fruit crops, we considered the size of the area and natural pollination indices. Natural pollinator density is directly related to the yield and production quality of crops that rely on or benefit from pollination Vaissière et al. 2011) . For fruit pollination, using solitary bee species like Osmia cornifrons and O. cornuta , the density of pollinators is based on the crop size and is determined by the average number of bee visits and the number of flowers per tree (Vicens and Bosch 2000) . To achieve positive yield effects on apple crops, 530 nesting females of O. cornuta per hectare are recommended and for almond pollination, 750 nesting females per hectare (Bosch and Kemp 2002) . However, due to the size of carpenter bees and the long flight distance, the number of nests needed for pollination is lower compared with Osmia spp., for example (Freitas and Oliveira-Filho 2001; Gathamann and Tscharntke 2002) .
We found similar results regarding production increment with previous studies involving carpenter bees management in passion fruit. One of the first studies in Brazil was conducted in a crop area with 3 % of natural fruit set. The introduction of 25 nests per hectare promoted a variation of natural fruit set percentage of 22 % with an increase of 700 % in production (Camillo 2003) . In another study in a crop area with 13 % of natural fruit set, the introduction of seven nests placed in five rational nesting boxes per hectare promoted a variation of natural fruit set percentage of 12 % with an increase of 92 % in production .
The data obtained in our study highlight the importance of considering both the crop size and natural fruit set rates for calculating the amount of nests for a successful management of these pollinators. Those data are also essential to consolidate management techniques of carpenter bees in passion fruit crops. It is possible to rear and increase populations of these bees in crop areas using lowcost trap-nests as shown previously by other authors (Camillo 2003, Freitas and and to increase pollinator density to produce bigger and sweeter passion fruits. Our study also showed the effect of bee pollination on fruit quality to further understand the real contribution of this ecosystem service.
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